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Summary 

An experimental investigation was conducted on 
methane, laminar -jet, diffusion flames with coaxial, 
forced air flow to examine the shapes of normal- 
gravity, zero-gravity, and inverted-gravity flames. 
Fuel nozzles ranged in size from 0.051 to 0.305-cm 
inside radius, while the coaxial, convergent air nozzle 
had a 1.4-cm inside radius at the fuel-exit plane. Fuel 
flows ranged from 1.55 to 10.3 cm^/sec, and air 
flows from 0 to 597 cm^/sec. A computer program 
developed under a previous government contract 
calculated characteristic dimensions of normal- and 
zero-gravity diffusion flames only. The comparison 
between the experimental data and the computed 
axial flame lengths for normal gravity and zero 
gravity showed good agreement. The inverted- 
gravity, maximum flame radius was proportional to 
the nozzle radius and the logarithm of the ratio of 
nozzle radius to average fuel velocity. Flame 
extinguishment upon entry into weightlessness was 
studied, and it was found that relatively low forced 
air velocities ( = 10 cm/sec) are sufficient to sustain 
methane flame combustion in zero gravity. Flame 
color is also discussed. 


Introduction 

The NASA Lewis Research Center, as part of its 
fire research program, has been concerned with 
burning as it occurs in a weightless environment. 
Because of the absence of buoyancy in zero gravity, 
the normal processes of mixing and product 
cleansing of the flame are altered. These changes may 
require designers to use different fire-detection and 
fire-extinguishment hardware and procedures to 
properly safeguard an orbiting spacecraft. 
Therefore, an effort is being made to examine the 
burning of many different types of fuels in several 
typical spacecraft atmospheres and gravity fields. 

The measurement and observation of flame spread 
rates over surfaces (refs. 1 to 3) have shown that 
burning in zero gravity is generally slower and less 
intense than in normal gravity. Studies of gas-jet 
diffusion flames in an open, quiescent environment 
(refs. 4 to 10) have shown that such flames burning in 


air at zero gravity display a wide range of behavior. 
These types of flames must be considered as a 
possible fire source within vehicles carrying 
pressurized fuel gases. Generally, these flames fall 
into three classes: (1) Steady-state flames that occur 
on small nozzles and at high fuel flow rates, (2) 
transient flames which occur on large nozzles and at 
low fuel flow rates, and (3) self-extinguishing flames 
which occur on large nozzles and at very low fuel 
rates. While the first two conditions have been 
observed with methane, hydrogen, ethylene, and 
propylene, the third condition has been observed 
only when methane was the fuel. The transient 
flames may well be the result of an insufficient 
maximum operating test time (2.2 sec) and do not 
necessarily indicate inherrently-unstable-combustion 
and/or fluid-dynamics problems. For the study of 
steady-state flames, reference 10 documents 
correlations between the axial length and the 
maximum radius of the flames for several 
hydrocarbon and hydrogen fuels. 

References 1 to 10 provide a good basic 
background for the general study of diffusion flames 
in zero gravity; yet, an Initially quiescent atmosphere 
may not be a practical test environment. In an 
orbiting spacecraft, even small, stray, room currents 
from personnel moving about or the currents from 
an air-conditioning system could provide enough 
moving air near a flame to significantly alter its 
burning characteristics in zero gravity. 

A number of researchers have examined the classic 
Burke-Shulman, gas-jet, diffusion-flame problem. 
For example, Kimura and Ukawa (ref. 11) have 
found that normal-gravity, city-gas flames in 
quiescent environment were 1.5 times longer than 
flames in confined, coaxial air stream with the same 
average velocity as the fuel. 

The purpose of this study is to examine methane, 
laminar gas-jet diffusion flames subjected to a 
coaxial, forced air flow by measuring flame shapes in 
the normal-gravity, zero-gravity, and inverted- 
gravity flame conditions. Air was forced through a 
convergent nozzle (coaxial with fuel nozzle) into a 
quiescent environment. In reference 11, experiments 
were performed with coaxial forced-air flow in a 
glass tube surrounding the flame. The work reported 
herein differs from that in reference 1 1 in that no use 



was made of a surrounding glass tube. Methane was 
selected as a fuel gas in order to allow the study of 
zero-gravity extinguishment behavior on large 
nozzles. The experiments were conducted in a 
normal-gravity environment as well as in a drop- 
tower facility which provided 2.2 seconds of zero 
gravity. The fuel-nozzle radii were 0.051-, 0.185-, 
and 0.305 -cm inside radius. Fuel flow rates ranged 
from 1.55 to 10.3 std cm^/sec, while air flow rates 
ranged from 0 to 597 std cm ^ /sec. Data are also 
presented on flame liftoff and blowout in normal- 
gravity and inverted-gravity conditions. A computer 
program developed under a previous government 
contract (ref. 7) was used as a basis for calculating 
diffusion-flame characteristic dimensions for the 
positive-gravity- and zero-gravity-level test results 
reported herein. 

Symbols 

a,b calibration constants 

Cs methane mole fraction for stoichiometric 
burning with air, 0.095 

E bridge voltage, V 

L axial length of flame, cm 

Qa flow rate of air at nozzle exit under standard 
conditions, cm ^ /sec 

Qf flow rate of methane fuel under standard 
conditions, cm ^ /sec 

maximum radius of flame, cm 
Rq inside radius of fuel nozzle, cm 
Rp probe resistance, ohms 

Rw outside radius of fuel nozzle, cm 

Rea air-flow Reynolds number, RwVa/’'a 
Ref fuel-flow Reynolds number, Rg ^f/^f 
Sc fuel Schmidt number (ratio of methane 

kinematic viscosity to diffusion coefficient), 
0.744 

Va Free-stream axial velocity of air at nozzle exit, 
cm/sec 

Vf average axial velocity of fuel at nozzle exit, 
cm/sec 

da thickness of boundary layer on air nozzle, cm 

df thickness of boundary layer on exterior 

surface of fuel nozzle, cm 

j'a kinematic viscosity of air at standard 
conditions, 0.1511 cm^/sec 


Pf kinematic viscosity of methane at standard 
conditions, 0.1648 cm^/sec 
Tg air time ,/? ^ / Fa , msec 

Tf fuel time, i?o/Fy, msec 

Apparatus and Procedures 

Experiment Package 

The experiment package was designed primarily 
for the zero-gravity tests. The zero-gravity tests were 
conducted at the Lewis Research Center’s 2.2-Second 
Drop Tower Facility. Details on this facility and its 
operation are given in reference 10. A near weightless 
condition (termed “zero-gravity” in this report) of 
the order of 10“^ of Earth normal gravity was 
obtained by allowing the experiment package 
contained within an air-drag shield to free-fall a 
distance of 23 meters. 

The experiment package is shown in figure 1 . All 
of the equipment necessary for successful operation 
of the experiment was mounted on board this 
package. It contained a clock, camera, combustion 
chamber, methane and air-flow systems, carbon 
dioxide safety system, and associated direct-current 
power supplies and electronic controls. A high-speed 
(400 frames/sec), 16-mm motion-picture camera 
using Ektachrome EF (tungsten) film was used to 
photograph the flame and digital clock. Depending 
on the flame size, pictures were taken with either a 
17- 25-, or 33-mm lens with an aperture setting of 
f2.8, fl.4, or fl.l, respectively. The aperture was open 
39 percent of the running time. The film was 
processed to an ASA of 250. The digital clock was 
accurate to ±0.01 second. The combustion chamber 
was 41 by 41 by 48 cm in size. The top of the chamber 
had holes in it to prevent any pressure increase in the 
combustion chamber during burning. One wall of the 
chamber was made of clear plastic, so that the 
burning process could be photographed. 

The various flow systems on board are shown in 
figure 2. The methane was stored at 1.5 MN/m^ in a 
500-ml vessel, air at 7.0 MN/m^ in two 500-ml 
vessels. Regulators in the methane and air flow 
systems maintained the gas pressures downstream at 
0.17 and 0.27 MN/m^, respectively. Solenoid valves 
were used to start and stop the flow in the proper test 
sequence. Series-redundant solenoids were used on 
the methane system and parallel-redundant solenoids 
on the carbon dioxide system to provide fail-safe 
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Gas cylinders 



Figure 1. - Experiment package. 


® Manual needle valve 
X Manual valve 
TT Solenoid valve 


tr Pressure regulator ^ Air Methane Carbon 



protection to the experiment. The air and the 
methane systems both had manual needle valves to 
control gas flow, and both systems had removable 
sections so that calibrated rotameters could be placed 
in each system. The rotameters remained in the 
system during ground testing and were used to 
accurately measure the fuel and air flow rates. For 
the zero-gravity tests, the rotameters were used only 
to obtain preset positions for the needle valves. The 
rotameters were then removed from the systems prior 
to each zero-gravity test. 

The carbon dioxide was delivered to the 
combustion chamber upon completion of the test to 


dilute its contents below the flammability limit. The 
methane and air was delivered to the test apparatus 
located within the combustion chamber as shown in 
figure 3. The methane flowed through a circular tube 
(nozzle) that was sufficiently long and straight to 
assure a parabolic velocity profile at the nozzle exit. 
The air was delivered through four tubes located 90° 
apart into an air chamber coaxially surrounding the 
fuel nozzle. Within the chamber, air flowed over and 
around two circular baffles before exiting through a 
convergent nozzle whose exit was coplanar with the 
fuel nozzle exit. The convergent nozzle, used to 
obtain a square velocity profile in the exiting air 
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Figure 3. - Fuel-nozzle and air-chamber test apparatus. 

Stream, had a circular contour of 1.4-cm radius. The 
geometry of the fuel-nozzle and air-chamber 
apparatus was such that it would produce a diffusion 
flame in an open, quiescent, air environment when 
the chamber air flow was zero. 

A small Nichrome wire over the fuel nozzle was 
used to ignite the fuel. The three fuel nozzles used 
had inside radii of 0.051, 0.186, and 0.305 cm and 
outside radii of 0.081, 0.239, and 0.476 cm, 
respectively. 

Ground-Test Procedures 

Several series of ground tests were conducted to 
provide data for comparison with the zero-gravity 
test results. Two series were conducted on normal- 
gravity flames (1 g) and in verted -gravity flames 
( — 1 g). Another series of ground tests were devoted 
to obtaining air velocities near the nozzle exit plane. 

The orientation of the fuel and air nozzles with 
respect to Earth’s gravity vector for both types of 
flames are displayed in figure 4. By placing the 
experiment package so that the forced fuel and air 
flow was directed vertically upwards, buoyancy acted 
to increase the local flow velocities, and a normal- 
gravity flame resulted. When the experiment package 
was placed so that the forced flow was directed 
vertically downward, buoyancy acted to inhibit local 
gas velocities, and an inverted-gravity flame resulted. 
Tests were conducted over a range of both fuel and 
air flow rates, the air flow rate being decreased to 
zero for some cases. These tests were accomplished 
by placing rotameters in the flow systems, 
establishing a flame, and adjusting needle valves in 
each system until the desired volumetric fuel and air 
flow rates were obtained. Once the experiment was 


Figure 4 - Alignment of the gravity vector. 


on test condition, the camera and clock were started. 

Another series of ground tests, devoted to 
obtaining air velocities, was accomplished with the 
use of a hot-film, constant-temperature anemometer. 
A stand with a movable mount for the probe, was 
constructed so that the centerline of the probe was 
allowed to move only radially towards or away from 
the fuel nozzle. The probe sensor axis was fixed 
perpendicular to the axis of the fuel nozzle and was 
maintained 0.23 cm above the exit plane. The probe 
had a quartz-coated, hot-film, cylindrical sensor 
0.015 cm in diameter and 0.2 cm long and was 
operated at an overheat ratio of 1.3. Air flow tests 
were conducted with each of the three fuel nozzles. 
No methane was allowed to flow during these tests. 
For a given fuel nozzle, air flow, tmd radial station, 
the change in heat dissipated at the probe sensor was 
detected and related to the flow velocity by a method 
to be described later. 

Drop-Tower Test Procedure 

In preparation for a zero-gravity test, the 
experiment-package supply bottles were filled with 
methane, air, and carbon dioxide, as required. The 
rotameters were installed, and the methane and air 
flows were started. By adjusting the manual needle 
valves, the desired volumetric flow rates were 
obtained. The flows were stopped by closing the 
solenoid valves in each system, and the rotameters 
were removed. An igniter wire was suspended near 
the fuel nozzle. The experiment package was placed 
in the air drag shield, and this entire assembly was 
suspended from the top of the drop tower. 

The zero-gravity tests began when the camera and 
clock were switched on. The methane flow was also 
started by activating the appropriate solenoid valves. 
Two seconds later, current was delivered to the 
igniter wire, and a flame was initiated. One second 
after ignition, the air flow was started by activating 
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the appropriate solenoid valves. The entire system 
was then allowed to come to a steady-state condition 
over a period of about 3 seconds. The zero-gravity 
condition was then imposed by allowing the 
experiment package and air drag shield to free-fall. 
Upon completion of the fall, the camera, clock, and 
air and methane flows were switched off, and the 
carbon dioxide purge of the combustion chamber 
was effected. 


Data Reduction 

Flame length and width measurements as a 
function of time, as well as general observations, 
were made by viewing the motion-picture film of the 
tests. The measurements were made with the aid of a 
motion-picture analyzer, which enlarged the film 
image 24 times and used crosshairs to measure 
lengths to within ±0.003 cm on the enlarged image. 
The ratios of measured length to actual length were 
obtained by photographing a scale which had 0.1 -cm 
divisions and was mounted above the nozzle. This 
was done for each lens that was used. 


Results and Discussion 


Hot-Film Anemometer Tests 

A series of ground tests were conducted with the 
use of a hot-film anemometer to ascertain the air 
flow velocity profile near the exit plane of the air- 
flow nozzle. The importance of these tests cannot be 
stressed too greatly inasmuch as any complete 
analysis of the behavior of a gas-jet diffusion flame 
requires a complete description of the boundary 
conditions in the region of interest. 

The hot-film constant-temperature anemometer 
tests used a probe with a quartz-coated, hot-film, 
cylindrical, 0.015-cm-diameter by 0.2-cm-long 
sensor; a root-mean-square (rms) voltmeter; a probe 
mount and support stand; and an accurate dial- 
indicator gauge. The probe in its movable mount was 
positioned in its support stand at a height nearly 
coincident with the exit plane of the air nozzle (0.23 
cm above the nozzle exit), and along a radius 
emanating from the principal axis of the air nozzle. 
The probe was positioned so that the axis of the 
sensor was perpendicular to the flow direction. The 
output of the constant-temperature anemometer was 


connected to the rms voltmeter and was filtered with 
a 10-kHz low-band pass filter to eliminate 
extraneous, high-frequency noise. During the testing, 
the volumetric air flow rate was measured with a 
calibrated rotameter. For these tests, the fuel flow 
was never turned on. 

For a given volumetric air flow rate, the bridge 
voltage of the anemometer and the rms voltage were 
read at a series of radial stations. If E is the bridge 
voltage, Rp is the known probe sensor resistance, 
and Kis the axial air velocity at a given station, then 
by King’s equation (ref. 12), E^Rp/{Rp-\-A0)^ = 
a+bV^^^, where a and b are constants to be 
determined by an independent calibration procedure. 
Such calibration procedures were not used, primarily 
because of the difficulty of obtaining a known low- 
velocity air stream. Instead, it was observed that the 
measured bridge voltage was constant, hence the 
velocity was constant, except in the boundary layers 
at the exterior wall of the fuel nozzle and the interior 
wall of the air nozzle. Therefore, these tests were 
used only to determine the boundary-layer 
thicknesses. The velocity profile in the boundary 
layer was assumed to be parabolic in shape. With this 
assumption, and the measured volumetric air flow 
rate, the free-stream air velocity was calculated from 
the following equation: 

Va = 

Qa 

7t[i .42 - 0.9336„ ± {\/6)bl-Rl,-{2n)&fR„-{\/e)bf^ 

( 1 ) 

Seventeen test runs were made with the three fuel 
nozzles used in this study, and with the air flow rate 
varied from 10 to 765 cm^/sec. The results are 
presented in figures 5 and 6. 

Figure 5 presents the boundary-layer thicknesses 
experimentally found as a function of the volumetric 
air flow rate. To confirm these experimental results 
analytically, a computer program, GENMIX (ref. 
13), was used. The curves shown in figure 5 present 
the results of the computer simulation at the same 
test conditions. As can be seen in the figure, the 
computer results and the experimental data match 
quite well. These data imply that the intent of the 
design of the air nozzle, which was to approximate an 
air flow condition in which the velocity profile was 
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Figure 5. - Comparison of computed and ex- 
perimentally determined boundary-layer 
thicknesses near the fuel exit plane in the 
annular air-flow region. 


flat in the radial direction, had been achieved. The 
boundary layer on the fuel nozzle was always of the 
order of magnitude of Rg, the inside nozzle radius; 
hence, the influence of this boundary layer on the 
flame geometry and structure must unavoidably be 
considered. Above an air flow rate of 100 cm ^ /sec, 
the boundary layer on the interior wall of the air 
nozzle can be seen to be very small. 

The hot-film tests demonstrated that the air flow 
velocity in the free stream outside the boundary 
layers was substantially constant. Figure 6 presents 
plots of the computed free-stream velocity as a 
function of volumetric flow rate. Three curves are 
given for the three fuel nozzles used in the study. It 
should be noted that these curves, because of the 
presence of the boundary layers, yield substantially 
higher free-stream velocities than the average 



Figure 6. - Dependence of free-stream 
air velocity on volumetric air flow 
rate near the fuel exit plane. 


velocities calculated from the ratio of volumetric air 
flow rate to the cross sectional area of the air nozzle. 

Ground Tests Without Forced Air 

This series of ground tests was conducted by 
allowing only methane flow and was used to 
determine the effects of axial flame length and 
maximum flame radius on volumetric flow rate for 
both normal -gravity and inverted-gravity flames. 
The resulting data are shown in figures 7 and 8. From 
the data in figure 7(a), it was found that the axial 
length of the normal flames is nearly linearly 
dependent on the fuel volumetric flow rate. There 
was a very weak effect of nozzle radius on the data. 
While the inverted-gravity flame lengths shown in 
figure 7(b) also displayed a linear dependence on 
volumetric flow rate, there appeared to be a strong 
dependence on the nozzle radius. The axial flame 
length measurements indicate that the normal-gravity 
flames were always longer than the inverted-gravity 
flames at the same test conditions. The axial length 
of the inverted-gravity flames ranged from 15 percent 
shorter, on the 0.051-cm-radius nozzle, to 85 percent 
shorter, on the 0.305-cm -radius nozzle, as compared 
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Figure 7. - Average axiai length of 
normal -gravity and inverted-gravity 
flames without forced air flow. 


to the corresponding normal-gravity flames. 

It is worth noting that the axial flame length 
measurements made in zero gravity (ref. 10) indicate 
that, for those conditions where steady-state flames 
existed, the zero-gravity flames were 50 percent 
longer than their normal-gravity counterparts. The 
fact that the zero-gravity data do not fall between the 
normal-gravity data and the inverted-gravity data 
indicates the complicated role gravity plays in this 
process. 

Data on the maximum radius for both normal- 
gravity and inverted-gravity flames are presented in 
figures 8(a) and 8(b). For both types of flame, the 
maximum flame radius increased as the volumetric 
flow rate increased. The maximum radii of normal- 
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(b) Inverted-gravity flames. 

Figure 8. - Average maximum radius of 
normal -gravity and inverted-gravity 
flames without forced air flow. 


gravity flames had a slight parametric dependence on 
nozzle radius (i.e., increasing maximum radius for 
increasing nozzle size). The maximum radius for 
inverted-gravity flames showed a considerably 
stronger dependence on nozzle size. At the same 
volumetric flow rate, the maximum radius was 
always greater for inverted-gravity flames than for 
normal-gravity flames — approximately 40 percent 
greater for the 0.051-cm-radius nozzle, and 70 
percent greater for the 0.305-cm radius nozzle. 

The zero-gravity, steady-state, maximum-radius 
data (ref. 10) for the 0.051-cm-radius nozzle indicate 
that zero-gravity flame radii are greater than either 
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normal-gravity or inverted-gravity flame radii. The 
zero-gravity flames were about 50 percent wider than 
their normal -gravity counterparts. 

For these tests without forced air flow, some 
observations may be made concerning the role of 
buoyancy in determining flame geometry. Buoyancy 
acts to accelerate the flow for normal-gravity flames. 
This accelerated flow can inhibit the spread of the 
fuel in the radial direction, thus causing the flame to 
lie near the jet axis. Conversely, buoyancy 
decelerates the flow for inverted-gravity flames to the 
point that backflow or recirculation may occur. The 
radial spread of the jet would, therefore, be widened 
over that found in normal-gravity flames. Hence, we 
would expect normal-gravity flames to be thin and 
long, and inverted-gravity flames to be short and 
wide. A surface where stoichiometric conditions exist 
probably occurs in the flame zones of both flames 
because of their good fuel-oxidant mixing 
characteristics. In contrast, zero-gravity flames have 
been observed to not have good mixing 
characteristics. They produce large amounts of soot 
and possess colors within longer wavelength regions 
(ref. 10). These observations would indicate that the 
flame zone is burning fuel-rich at lowered flame 
temperatures. Apparently, the absence of buoyancy 
decreases the delivery of oxidant to, and removal of 
products from, the flame zone. In the absence of 
buoyancy, diffusion is the principal process 
operating to mix the fuel and oxidant. Therefore, the 
fuel must travel further, both radially and axially, in 
order to reach oxidant so that there is an acceptable 
fuel/oxidant ratio for combustion to occur. This 
interpretation would possibly explain why zero- 
gravity flames are both longer and wider than 
normal-gravity flames or inverted -gravity flames. 

In reference 10, a correlation has been found for 
the maximum-flame-radius data without air flow in 
normal gravity and zero gravity. It was found by a 
computer analysis (ref. 7) that the ratio of the 
maximum flame radius to the nozzle radius was 
proportional to the common logarithm of the fuel 
time {Tf=Rg!Vf) by the following relations: 

For normal-gravity flames, 

=5.75-3.7 log T/ (2) 

For zero-gravity flames, 

= 10.5-3.7 log (3) 


Comparison of the normal-gravity flame data of this 
report with equation (2) is shown in figure 9. As can 
be seen, the agreement is excellent. 

When the inverted-gravity, maximum-flame- 
radius data were nondimensionalized with respect to 
the nozzle radius and plotted against the log tj, also 
shown in figure 7, the best fit to the data was given by 

Rm/Rq = 8.55-3.7 log Tf (4) 

It should be noted in figure 9 that the 
nondimensionalized maximum flame radius ceases to 
be proportional to the log tj for Tf greater than 5 to 
10 milliseconds. Of primary importance, however, is 
that a correlation has been developed that matches 
the experimental data to within an empirically 
determined constant that is dependent on the local 
gravity field. This relationship is valid for radically 
different flow situations over better than two orders 
of magnitude in the fuel time. 



Figure 9. - Correlation of normalized maximum 
radius of normal-gravity and inverted-gravity 
flames with fuel time, without forced air flow. 
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O Flame lifts off nozzle 
• Flame extinguisfied by blowout 



(a) Normal-gravity; fuel-nozzle inside radius. 
Riy 0. 051 cm. 



'< 


(c) Normal-gravity; fuel-nozzle inside radius. 
Rq, a 186 cm. 



(b) Inverted-gravity; fuel-nozzle inside radius. 
Rji 0. 051 cm. 



td) Inverted-gravity; fuel-nozzle inside radius. 
R(y 0. 186 cm. 



(e) Normal-gravity; fuel-nozzle inside radius. (f) Inverted-gravity; fuel-nozzle inside radius. 

Rq. 0.305 cm. Rq, 0.305 cm. 

Figure 10. - Lift and blowout curves for normal-gravity and inverted-gravity flames. 


Lift- and Blowout-Limit Tests With Forced Air 

A series of ground tests was conducted with normal- 
gravity and inverted-gravity flames with coaxial forced 
air flow in order to determine the extent of the air flow 
domain over which a diffusion flame could be 
stabilized anywhere in the flow field. Two stable 
configurations exist for this combustion 
phenomenon — flames attached to the nozzle rim, and 
flames stabilized at some distance away from the 
nozzle exit plane. The lifted flame limit, which is 
defined as that condition wherein any increase in 
either the fuel flow or the air flow will cause an attach- 
ed flame to rise off the nozzle, separates these two 


regions. The blowout limit separates stabilized lifted 
flames from the unstable situation wherein a flame 
propagates continually downstream to extinction. 

Figure 10 presents the lift and blowout limits for 
normal-gravity and inverted-gravity flames on the 
three nozzles tested. Several general trends can be 
seen with these data. The higher the fuel flow rate for 
a given nozzle, the lower the air flow required to both 
lift and blow out the flame. Also, generally for a 
given fuel flow rate, lower air flow rates were 
required to both lift and blow out flames as nozzle 
size decreases. Lift and blow-out limits for inverted- 
gravity flames generally occurred at higher air flow 
rates than for normal-gravity flames. 
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Qa ■ 300. 0 Qg » 30a 0 Qa = 274. 1 

(b) Fuel-nozzle inside radius, R^, 0.186 cm. 

Figure 11. - Continued. 
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Normal gravity 




Qa = 0 
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extinguished 




Qg ■ 209. 7 


Qg = 209. 7 


Qg - 274. 1 


(c) Fuel-nozzle inside radius, Rg, 0.305 cm. 
Figure IL - Concluded. 
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Drop-Tower and Ground Tests With Forced Air Flow 

All of the data obtained with forced flow on zero- 
gravity, normal-gravity, and inverted-gravity flames 
are presented for convenience in tables I to III. Data 
were taken for each of the three nozzles at three 
different fuel flow rates and at four to ten different 
air flow rates per configuration. Both the tixial length 
and the maximum radius were measured for each 
flame. 

Figure 1 1 presents some of the photographs taken 
of normal-gravity, zero-gravity, and inverted-gravity 
flames. In all of the photographs, the fuel flow rate 
was 5.3 ±0.1 cm 3 /sec. The reader is cautioned that 
some of the photographs were taken with different 
lenses so that the enlargement of the flame may be 
different. Each photograph contains a flame against 
a black background, a digital clock in the lower left 
corner of the picture, and a light box as a source of 
illumination. 

For the smallest fuel nozzle (0.051 cm radius), a 
steady-state, zero-gravity flame was found to exist 
when there was no air flow. Further, the zero-gravity 
and the normal-gravity flames appeared similar in 
shape, although the zero-gravity flame was larger, 
both radially and axially. This general behavior was 
true for all tests in which there was a coaxial air flow 
with this size nozzle. At the highest air flow rate of 
169.1 cm^/sec, both the normal-gravity and zero- 
gravity flames were faint and blue in appearance. 
However, the zero-gravity flame was lifted off the 
nozzle. The inverted-gravity flames were significantly 
different in appearance from the corresponding 
normal -gravity and zero-gravity flames. These 
inverted-gravity flames had a ball-like shape at their 
top. In addition, they appeared more unstable, 
twisting back and forth on the nozzle. 

For the 0.186-cm -radius nozzle, no zero-gravity 
flame was found to exist for zero air flow. For the 
zero-gravity test at an air flow rate of 40.9 cm^ /sec, a 
faint orange, steady flame was stabilized on the 
nozzle. In zero gravity at air flow rates of 40.9 and 
58.6 cm^/sec, the zero-gravity flame was an open- 
topped, underventilated flame in contrast to the 
closed-topped, overventilated flame that appeared in 
normal gravity. At the highest air flow rate, both the 
normal-gravity and zero-gravity flames appeared 
overventilated. However, the zero-gravity flame was 
still larger than the normal-gravity flame. The 
inverted-gravity flames at low air flow rates had an 


egg-shaped appearance, strikingly different from the 
inverted-gravity flames on the smaller, 0.051-cm- 
radius nozzle. At an air flow rate of 93.6 cm^/sec, 
the flame appears almost disk shaped. Finally, at the 
highest air flow rate, the inverted-gravity flame has 
an anvil-like appearance. 

For the 0.305-cm-radius nozzle, there again was no 
zero-gravity flame until the air flow rate reached 58.6 
cm^/sec, where a faint, underventilated flame 
appeared stabilized. At the highest air flow rates, the 
zero-gravity and normal-gravity flames were similar 
in appearance — overventilated, with the zero-gravity 
flame being larger. The inverted-gravity flame 
behaved similarly to its behavior on the 0.186-cm- 
radius nozzle. 

Before examining the normal-gravity, zero- 
gravity, and inverted-gravity flame data with forced 
air flow, a discussion of the behavior of a typical 
diffusion flame upon entry into zero-gravity is 
necessary. Figure 12 presents plots of axial length 
versus zero-gravity time for diffusion flames from 
two different test runs, each burning on the same 
nozzle (0.186 cm radius), at the same fuel flow rate 
(2.71 cm^/sec), without forced air flow. The only 
physical difference between the two tests was that in 
one case (fig. 12(a)), the air chamber surrounding the 
fuel nozzle was in place, while in the second instance 
(fig. 12(b)), the fuel nozzle stood off the combustion- 
chamber floor in a manner similar to test 
configurations reported in references 4, 6, and 10. 
Before entering zero gravity, both flames had a mean 
axial length of 2.68 cm, and both were flickering. 
Upon entry into zero gravity, for the test conducted 
with no air chamber (fig. 12(b)), the flame behaved in 
a manner similar to other extinguished zero-gravity 
flames; that is, there was at first a sharp reduction in 
the axial length, followed by a gradual expansion of 
the flame front away from the nozzle until the flame 
was extinguished 0.63 second after entry into 
weightlessness. The test conducted with the air 
chamber surrounding the nozzle (fig. 12(a)) also 
resulted in the flame being extinguished. However, 
the manner in which it was extinguished was entirely 
different. Upon entry into weightlessness, the flame 
underwent several rapid oscillations during which the 
flame seemed to almost disappear. Following the 
oscillations, the flame did not appear to expand away 
from the nozzle but rather it gradually faded in color 
until it was extinguished at 0.92 second. Because of 
the manner in which these two flames were 
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^Regions of faded flame color 



Figure 12. - Typical time profiles of axial flame length upon entry into weightlessness, with and without air chamber around fuel nozzle. 
Fuel-nozzle inside radius, Rq, 0.186 cm; fuel flow rate, Qf, 2.71cm’/sec; air flow rate, Qg, zero. 


extinguished, it may be inferred that the 
aerodynamics of the air flow surrounding the flame, 
particularly at its base, play a substantial role in 
determining the manner in which zero-gravity flames 
are extinguished in drop-tower testing. 

Figure 13 presents the correlation of the 
normalized axial flame length with the air flow 
Reynolds number for the zero-gravity test results. 
Consider first the cases where the air flow Reynolds 
number is zero. In reference 9, zero-gravity axial 
flame length for a variety of hydrocarbon fuels was 
correlated for flames with no forced air flow by the 
equation 

= 3.5 Sci/2/?e^lni/2 [i/(i -c^)] (5) 


where the fuel Schmidt number (Sc) is the ratio of 
kinematic viscosity to diffusion coefficient, and Cg is 
the fuel mole fraction for stoichiometric burning. All 
the physical constants are evaluated at room 
temperature. For the test fuel, methane. Sc =0.744, 
Cj =0.095, and = 0.1648 cm^/sec. Therefore, 
3.5 Sc^^2 ln(l/(l -C 5 )) is equal to 0.97, and without 
forced air flow, the zero-gravity flame length is 

L/{RefRo) = 0.91 (6) 

Consider now the coaxial forced air flow 
situations. It is reasonable to assume that the 
Reynolds number of the air flow (/?Ca Ka/i'a) 
with fluid properties evaluated at 20° C and 1 atm, 
the fuel-nozzle outside radius and the free- 
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Air-flow Reynolds number, Reg 


Figure 13. - Correlation of normalized axial flame length 
with air-flow Reynolds number for zero-gravity flames. 


Stream air velocity (Vg) would characterize the 
forced convection effects. The kinematic viscosity of 
the air was taken to be 0.1511 cm^/sec. Accordingly, 
in figure 13, L/RcfR^ (the ratio of nondimensional 
flame length to fuel Reynolds number) is plotted 
versus the air -flow Reynolds number for the majority 
of zero-gravity test conditions studied. It should be 
noted that three runs (#31, #49, and #50), besides 
those for which the flame was extinguished, were not 
plotted on this figure. The results of these runs fell 
well below the plotted data points with similar air- 
flow Reynolds numbers. These points occurred at the 
highest fuel flow rates and the lowest air flow rates 
for the two largest nozzles. A computation of the 
ratio of air flow to fuel flow revealed that an 
insufficient amount of air was being supplied for 
complete combustion. Hence, these flames were 
underventilated, or oxygen-starved. 

It can be seen in figure 13 that the ratio of 
nondimensional length to Reynolds number falls 
quickly from about 0.97 at Re^ =0, to about 0.58 at 
RCa = 30, and gradually changes thereafter so that it 
is about 0.5 at Rcg =200. The data were compared 


on a point-for-point basis to a computer model 
(ref. 7). The program solved the parabolic form of 
the equation of motion in addition to the continuity 
and energy equations. Both fuel and air flow were 
accounted for in the model. The chemistry assumed 
w£is a quasiglobal reaction scheme. The results of the 
computer model analysis are given as a cross-hatched 
region in figure 13. Instead of plotting the computer 
model results for each test run, it was decided, for 
simplicity of presentation, to consider the computer 
results collectively as comprising a region which 
could then easily be compared to the experimental 
data points. The computer-model results are 
considered to be in excellent agreement with the data. 
On the average, the computer results were within 1.3 
percent of the experimental data. For practical 
purposes, the best empirical fit to the zero-gravity 
data with forced air flow is given by 

L/{RefRo) = 0A8 + 3.92/{Rea + &) (7) 

Figure 14 presents the normal-gravity, axial-flame- 
length experimental results correlated with the air- 
flow Reynolds number in a manner similar to that 



Air-flow Reynolds number, Reg 

Figure 14. - Correlation of normalized axial flame length 
with air-flow Reynolds number for normal-gravity 
flames. 
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used for the zero-gravity results. It is recognized, 
however, that normal-gravity flames should not be 
correlated at small air -flow Reynolds numbers by this 
technique because of the presence of buoyancy forces 
which are not accounted for in this scheme. 
Nevertheless, buoyancy effects should be overcome 
at some point by the inertial forces of the coaxially 
flowing air stream, so that a correlating scheme 
similar to that used for zero-gravity flames should be 
valid at high air-flow Reynolds numbers. Some 
evidence of buoyancy effects on normal-gravity 
flame length for Rcg =0 can be seen in figure 7(a) 
where the data are scattered, suggesting the 
importance of some other parameter. In figure 14, at 
high air-flow Reynolds numbers, some semblance of 
a correlation appears to be emerging. Although the 
computer -model analysis shown by the cross-hatched 
region rather consistently predictly higher ratios of 
nondimensional length to fuel Reynolds number than 
observed, it is of interest to note the trend of the 
predictions in terms of air-flow Reynolds number 
was similar to the actual data. The best empirical fit 
to the normal-gravity data with forced air flow data 
was found to be given by 

L/{RoRe/) = 0.56 - 0.0005 Reg (8) 

The air-flow Reynolds number range over which 
buoyancy effects are important in axial flame-length 
measurements may be determined by qualitatively 
comparing figures 13 and 14. The zero-gravity and 
normal-gravity results become reasonably close to 
one another at air-flow Reynolds numbers beyond 
about 40. Hence buoyancy effects in the flow 
situations tested are considered to be important if 
Reg <40. 

Because of the complications of both buoyancy 
and recirculation flows within inverted-gravity 
flames, these data, when plotted in a manner similar 
to the zero-gravity and normal-gravity data shown in 
figures 13 and 14, failed to produce a consistent 
correlation over the entire air-flow Reynolds number 
range studied. 

Consider now the zero-gravity, maximum-flame- 
radius data presented in figure 15. For the case of no 
air flow, it has been found in a prior study (ref. 9) 
that the ratio of maximum flame radius to nozzle 
radius could be correlated to the fuel time 
(TfRg/Vf), in milliseconds, by the following 
equations: 



Figure 15. - Correlation of normalized flame radius with the 
ratio of air time to fuel time for zero-gravity flames. 


For zero gravity, 

= 10.5-3.7 log (/^olOOO/F/) (9) 

For normal gravity, 

5.75-3.7 log (/?ol000/F/) (10) 

The ratio Rg/Vf has units of time, and the ratio 
Rm/Rq is dimensionless. From this consideration, a 
correlation scheme for forced air flow situations was 
sought which would be appropriate and 
nondimensional. That correlating variable was found 
to be the ratio of air time to fuel time 
{Tg/Tf^RwVf/RoVa)- In figure 15, Rm/Rq is 
plotted versus the common logarithm of Tg/Tf. For 
characteristic time ratios of about 0.1, the 
nondimensional flame radius appears to approach 
the asymptotic limit of 1. In the characteristic time 
ratio range of 1 to 200, the best empirical fit to the 
data is given by 

=2.4 + 4.75 log(7<,/7/) (11) 

For small free-stream air flow velocities relative to 
the average fuel velocity and/or for excessively thick- 
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walled tubes relative to the inside nozzle radius, the 
ratio Tg/Tf is large. Under these conditions, air 
entrainment due to aspiration by the fuel flow is an 
important effect. This effect is unaccounted for in 
the present correlating scheme. Hence, it is expected 
that at some large value of ’"a/r/, the correlation 
given by equation (11) should fail. The data suggest 
that this characteristic time ratio is greater than 200. 
The test data in figure 15 were compared to the 
results given by the computer model of reference 7. 
The computer-model results, shown as a cross- 
hatched region in the figure, consistently predicted 
larger nondimensional flame radii ratios than 
observed, with an average error of 55 percent. 

Figure 16 presents the correlated normal -gravity, 
maximum-flame-radius results. The same correlating 
scheme was applied to the normal-gravity, 
maximum-flame-radius data as was applied to the 
corresponding zero-gravity data in figure 15. The 
nondimensional flame-radius data were plotted 
versus the common logarithm of Ta/^f- For 
characteristic time ratios of about 0.1, the 
nondimensional normal-gravity flame radius was 
again approaching an asymptotic limit of 1 . 

In the characteristic time-ratio range of 1 to 200, 
the best empirical fit to the data is given by 



Figure 16. - Correlation of normalized flame radius with the 
ratio of air time to fuel time for normal -gravity flames. 


/-^O = 1 • 5 + 3 .0 log(To /ry) 

The same comments made earlier regarding air 
entrainment induced by the fuel flow at large 
characteristic time ratios are applicable to the 
normal-gravity data. Additionally, buoyancy- 
induced air entrainment is important at large time 
ratios. 

The results given by the computer model of 
reference 7, shown as cross-hatched regions in figure 
16, display a rather strong fuel-nozzle-radius effect 
not found in any of the other computer results for 
normal-gravity and zero-gravity flames. The 
computer results for the 0.051 -cm nozzle were 
consistently higher than data experimentally 
observed; the 0.186-cm results were slightly lower, 
and the 0.305 -cm -nozzle results were about right. 
These results may be anticipated if buoyancy affected 
the majority of the data in the figure. 


Flame Color in Zero Gravity 

Figure 17 presents flame color observations made 
during the zero-gravity tests. Air-flow Reynolds 
number is plotted versus fuel Reynolds number for 
each of the three nozzles. As a general rule, flame 
color varied from the extinguished cases to the lift 
limit in the following order: (1) orange, (2) yellow, 
(3) blue. Yellow and blue colors were typically seen 
for all the normal-gravity flames. In the fuel 
Reynolds number range of 60 to 85, the zero-gravity 
flame' color changed from orange to yellow at an Rcg 
of about 70 to 90 for the 0.305-cm nozzle, an Rcg of 
about 35 to 40 for the 0.186-cm nozzle, and an RCg 
of about 0 to 3 for the 0.015-cm nozzle. 

An air-flow Reynolds number range wherein a 
steady zero-gravity flame was not sustained, labeled 
“extinguished” on the figure, occurred only with the 
two largest nozzles studied. On the 0.186-cm nozzle, 
the demarcation between extinguished and steady 
zero-gravity flames occurred at an Reg of about 1 1 or 
an air-flow velocity of about 7 cm/sec. On the 
0.305-cm nozzle, the demarcation occurred at an RCg 
of about 28 or an air flow velocity of about 9 cm/sec. 
It is therefore concluded from these data that 
methane flame extinguishment can be prevented for 
the test conditions run with a rather small minimum 
air flow velocity of about 10 cm/sec. 
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(a) Fuel-nozzle inside radius. R^, 0.051cm. (b) Fuel-nozzle inside radius, Rg, 0.186 cm. 
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Fuel-flow Reynolds number. Ref 

(c) Fuel -nozzle inside radius, Rg, 0.305cm. 

Figure 17. - Flame colors in zero-gravity. 


Summary of Results 

An experimental investigation was performed on 
methane laminar-jet diffusion flames with coaxial 
forced air flow to examine the geometry and 
appearance of normal-gravity, zero-gravity, and 
inverted-gravity flames. Fuel nozzles ranged in size 
from 0.051- to 0.305-cm inside radius, while the 
convergent air nozzle had a 1 .4-cm inside radius at 
the fuel exit plane. Fuel flows ranged from 1.55 to 


10.3 cm^/sec, and air flows from 0 to 597 cm^/sec. 

The following are the principal results of this 
investigation: 

1 . In a test configuration without forced air flow, 
comparisons of normal-gravity, zero-gravity, and 
inverted-gravity flames with given fuel flow rates and 
fuel nozzles showed that zero-gravity flames 
possessed the longest axial lengths and widest flame 
radii. Normal-gravity flames were longer than 
inverted-gravity flames, and inverted-gravity flames 
were wider than normal-gravity flames. 
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2. The maximum flame radius for inverted-gravity 
flames without forced air flow was found to be 

Rm/Ro =8.55-3.7 log(ry) 
where 

Rm maximum flame radius, cm 
Rg fuel-nozzle inside radius, cm 
Tf Rg times 1000 divided by the average fuel 
velocity, Vj, msec 

3. In the range of fuel velocities tested (5 to 2000 
cm/sec), the flame began to lift off the nozzle and 
was blown out at higher coaxial air flow rates for 
inverted-gravity flames than for normal-gravity 
flames. 

4. The zero-gravity, axial-flame-length data were 
correlated by the following equation; 

LURgRef) = 0.48 ^-l^l/(Rea + 8) 
where 

Rg fuel-nozzle inside radius, cm 

Rej fuel -flow Reynolds number 

Reg air-flow Reynolds number 

Using a computer program developed under NASA 

contract NAS3-14378, the zero-gravity axial length 

was predicted to within 1.3 percent of the actual 

data. 

5. The normal -gravity, axial-flame-length data 
were correlated by the following equation: 

= 0.56-. 0005 RCg 

The aforementioned computer program consistently 
predicted larger normal-gravity and axial flame 
lengths than were observed. 

6. The zero-gravity, maximum flame radii were 
correlated by the following equation: 

=2.4 + 4.75 log (Ja/Tf) 

where 

Tq—R]v/ 

Tf=Rg/Vf 

The computer model consistently predicted larger 
zero-gravity, maximum flame radii than were 
observed, with an average error of 55 percent. 

7. The normal-gravity, maximum flame radii were 
correlated by the following equation: 

=l-5 + 3.0 log(Ta/7/) 

8. It was shown that methane flame 
extinguishment upon entering zero gravity can be 


prevented with rather small minimum air flow 
velocities of 10 cm/sec. 

Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, October 3, 1980 
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TABLE I. - ZERO-GRAVITY TEST DATA 


TABLE n. - NORMAL-GRAVrry TEST DATA 


Inside 

Fuel 

Air 

Steady - 

Steady - 

Run 

radius 

flow 

flow 

state, 

state. 


of fuel 

rate, 

rate, 

axial 

maximum 


nozzle, 

Qf. 

Q r 

length 

radius 


Ro- 

cm^/sec 

cm^/sec 

of flame, 

of flame, 


cm 



L, 






cm 

cm 


0.051 

1.55 

0 

2.91 

0.62 

1 



40.9 

2.11 

.42 

2 



104.3 

1.83 

.34 

3 



209.7 

1.84 

.28 

4 


2.68 

0 

4.80 

0.67 

5 



17.3 

4.95 

.67 

6 



58.6 

3.68 

.55 

7 



226.8 

2.93 

.40 

8 


5.35 

0 

9.91 

0.68 

9 



23.6 

9.84 

.64 

10 



68.8 

8.54 

.59 

11 



115.2 

8.21 

,55 

12 



169.1 

^7.50 

.88 

13 

n 1 Rfi 

2.71 

0 



14 

U . iO o 

7.9 




15 



23, 6 



16 



58.6 

3.01 

0.70 

17 



130.2 

2.78 

.50 

18 



157.3 

2.54 

.52 

19 



296.2 

2.65 

.32 

20 



387.0 

2,42 

.40 

21 


5.39 

0 


— 

22 



23.6 

— 

— 

23 



40.9 

7.61 

1.39 

24 



58.7 

8.10 

1.14 

25 



130.2 

6.62 

.79 

26 



300.1 

5.30 

.54 

27 


1ft 

0 



28 


J.U . oV 

7 Q 



29 

1ft 



1 . o 
91 a 





£iO . O 

40,9 

8.63 

1.40 

31 



58.6 

13.91 

1.33 

32 



93.6 

13.18 

1.19 

33 



130.2 

(b) 

1.21 

34 



209.7 

(b) 

.76 

35 

0.305 

2.68 

23.6 


— 

36 



58.6 

2.82 

0.82 

37 



130.2 

2.77 

.58 

38 



296.2 

2.64 

.45 

39 


5.24 

0 



40 


23.6 





41 



4ft Q 



42 



tU . tf 

58.6 

7.79 

1.41 

43 



209.7 

5.44 

.67 

44 


10.30 

0 

— 

— 

45 



23.6 


— 

46 



40.9 

2.71 

1.57 

47 



58.6 

6.78 

1.61 

48 



130.2 

9.45 

1.03 

49 



209.7 

8.47 

.87 

50 


^Flame lifted off the nozzle. 

'^Flame out of field of view of the camera. 


Inside 

Fuel 

Air 

Average 

Maximum 

Run 

radius 

flow 

flow 

axial 

radius 


of fuel 

rate. 

rate, 

length 

of flame, 


nozzle. 

Qjp 

Q , 
^a’ 

of flame. 



«o’ 

cm /sec 

cmVsec 

L, 

cm 


cm 



cm 



0.051 

1.55 

0 

1.83 

0.32 

1 



40.9 

1.60 

.28 

2 



104.3 

1.63 

.30 

3 



209.7 

1.67 

.28 

4 


2.68 

0 

3.21 

0,38 

5 



17.3 

3.27 

.33 

6 



58.6 

2.88 

.31 

7 



226,8 

2.78 

.29 

8 


5.35 

0 

7.13 

0,39 

9 



23.6 

7.09 

.38 

10 



68.8 

6.62 

.37 

11 



115.2 

6.82 

.36 

12 



169.1 

^6.44 

.47 

13 

0.186 

2.71 

0 

2.68 

0.38 

14 



7.9 

2.67 

.34 

15 



23.6 

2.56 

.30 

16 



58.6 

2.52 

.29 

17 



130.2 

2.55 

.25 

18 



157.3 

2.47 

.33 

19 



296.2 

2.49 

.40 

20 



387.0 

2. 38 

.43 

21 


5.39 

0 

5.67 

0.68 

22 



23.6 

4.94 

.65 

23 



40.9 

5.18 

.55 

24 



58.7 

5.21 

.55 

25 



130.2 

5,30 

.44 

26 



300.1 

4.87 

.44 

27 


10.30 

0 

10.28 

0.90 

28 



7.9 

9.93 

.91 

29 



23.6 

9.98 

1.04 

30 



40.9 

10.38 

.94 

31 



58.6 

10.98 

.85 

32 



93,6 

10.32 

.87 

33 



130.2 

11.93 

.80 

34 



209.7 

12.25 

.60 

35 

0.305 

2.68 

23.6 

2.54 

0.44 

36 



58.6 

2.38 

.42 

37 



130.2 

2.64 

.37 

38 



296.2 

2.35 

.41 

39 


5.24 

0 

5.11 

0.74 

40 



23.6 

5.44 

.76 

41 



40.9 

5.26 

.64 

42 



58.6 

5.83 

.65 

43 



209.7 

5.43 

.48 

44 


10.30 

0 

7.83 

1.13 

45 



23.6 

8.81 

1.07 

46 



40.9 

7.06 

1.10 

47 



58.6 

9.17 

.99 

48 



130.2 

8.22 

.66 

49 



209.7 

7.74 

.51 

50 


^Flame lifted off the nozzle. 
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TABLE m. - INVKHTED-GRAVITY TEST DATA 


Inside 

Fuel 

Air 

Average 

Maximum 

Hun 

radius 

flow 

flow 

axial 

radius 


of fuel 

rate. 

rate, 

length 

of flame. 


nozzle. 

Qf. 


of flame, 

'^1- 



cm^/sec 

cm^/sec 

L, 

cm 


cm 



cm 



0.051 

1.55 

0 

1.24 

0.49 

1 



40.9 

1.31 

.52 

2 



93.6 

1.42 

.56 

3 



149.5 

1.47 

.65 

4 



209.7 

1.53 

.66 

5 



274,1 

1.59 

.66 

6 



387.0 

1.98 

.45 

7 


2.68 

0 

2.79 

0.59 

8 



40.9 

2.79 

.59 

9 



93.6 

2.82 

.61 

10 



149.5 

2.65 

.71 

11 



209.7 

2.79 

.71 

12 



274.1 

2.78 

.86 

13 



387.0 

3.05 

.84 

14 


5.35 

0 

6.65 

0.70 

15 



40. 9 

6.33 

.65 

16 



93.6 

6.06 

.65 

17 



149.5 

5.55 

.69 

18 



209.7 

5.00 

.68 

19 



274.11 

5.23 

.80 

20 



387.0 

5. 16 

1.11 

21 

0,186 
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